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Abstract: This study deals with fault ride-through (FRT) capability and output power fluctuation sup-
pression of wind turbine systems (WTS) having PMSG (permanent-magnet synchronous generator)
for mitigating grid frequency variation and voltage flicker in the distribution system. The coordinated
control of a cost-effective scheme based on energy storage supercapacitors (ESSs) and braking resis-
tors (BR) is introduced to perform the multiple tasks of the WTS. In this hybrid scheme, the ESSs are
initially used to absorb the fluctuated power component with the constraints of their ratings during
the grid faults and wind speed variation conditions prior to the activation of the BRs when the ESSs
cannot fully consume the mismatched power between the PMSG and grid during severe grid faults.
With the additional BRs, the capacity of the costly ESSs is remarkably reduced, while the performance
of the fault ride-through capability and power smoothening for the WTS are still kept satisfactory and
in compliance with the requirements of advanced grid codes. Detailed experimental implementation
and its results for a down-scaled prototype in a laboratory are shown to verify the effectiveness of the
introduced scheme along with the simulation results with the high-power rating WTS.

Keywords: braking resistors; energy storage super-capacitors; fault ride-through; permanent-magnet
synchronous generator; wind turbine systems

1. Introduction

Nowadays, renewable energy has attracted considerable attention since fossil fuels are
being exhausted and environmental issues have become more serious. Wind energy is one
of the most important renewable energy sources [1-5], where the significant penetration
of wind power capacity may cause some problems in the power systems, such as grid
instability, unbalance, and frequency variation [6,7].

The first issue is that a large amount of electrical power generated by the WTS may
lead to adverse effects on the power quality of the network due to randomly varying wind
speeds. In this condition, the output power fluctuation of the WTS incurs an imbalance
of power between generation and consumption, which results in a deviation of the line
frequency from its rated value. Therefore, suppressing the fluctuating components of WTS
output power is essential. Another concern is the FRT capability of the WTS under grid
fault conditions, where the WTS are required to remain in service and be able to provide
reactive power to the network.

In the published literature, in order to mitigate the power fluctuation of the WTS,
several power smoothening strategies have been suggested. By exploiting the high inertia
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effect of the WTS, the turbine power fluctuation can be smoothened to support the frequency
regulation for the network [8,9], where no extra apparatus is required. However, its
response is slow due to the high rotor inertia, and the smoothened power capacity is
limited. Another method using a flywheel system was presented in [10,11], which utilizes
simple control schemes. However, the flywheel system is bulky and costly. The pitch angles
of the wind turbine blades with the rotor velocity can be regulated to smooth the output
power of the WTS, but the WTS loses the maximum power-point tracking operation [12].
With the development and current availability of the energy storage systems, utilization of
the energy storage systems to improve the power quality of the WTS has been introduced,
where the battery energy storage systems or the hybrid system combining the batteries
and supercapacitors are both suggested [13,14]. The main issues of using energy storage
systems are high capital investment and maintenance costs.

In order to comply with the requirements of advanced grid codes under grid faults, a
braking chopper has been considered a preferred and practical solution, which provides
a lower cost and a simple control [15,16]. However, this scheme is used only for the FRT,
which is not capable of improving the power quality. Other methods with modification
of the control algorithms, such as the current feed-forward method, sliding mode control
scheme, and robust adaptive PI controller, have been introduced to improve the response
of the WTS during the grid faults [17,18]. Installing the energy storage systems at the
connection point of the wind plants can achieve many objectives such as fluctuated power
smoothing and providing the FRT capability etc. [19]. Other solutions with the ESSs
distributed to single WTS at the back-to-back (B2B) converters through a bidirectional
DC/DC converter (BDCC) were introduced [20], which can offer both an FRT capability
and power fluctuation mitigation for the WTS. However, the required capacity of the ESS
is still high to handle extremely severe grid faults, such as full interruptions of two or
three phases of grid voltages, which rarely occur in practice compared to phase-to-phase
or phase-to-ground short-circuit faults. Under such faults, the grid can partly absorb real
power from the WTS. So, the mismatched power between the wind generator and grid
under the common grid faults is less than the rated power of the system. For this scenario,
employing the ESSs with a full rating is costly and unnecessary. The required rating of
the ESS can be reduced by the de-loaded operation of the WTS, where the output power
of the wind turbine generator is reduced [21]. This algorithm can be acceptable, but the
WTS is not operating at the MPPT control. A hybrid scheme of the ESS and BR in the
WTS was suggested [22,23], where the power capacity of the ESS was lowered. However,
the improvement of power quality by installing ESS was not fully investigated, and a
control mode switch for the grid-side converter and the BDCC between the normal and
fault conditions may cause a current overshot in the system. These issues have not been
presented in any of the literature so far.

This paper presents a coordinated control of the ESS and BR for improving the power
quality as well as riding through the PMSG WTS, which guarantees a secure and smooth
operation of the WTS during normal and severe grid fault conditions. The ESSs are utilized
to absorb the fluctuation component of turbine power before injecting it into the grid under
the wind speed variation, which smoothens the grid power. Under the grid sags, the ESSs
consume a certain level of mismatched power between the PMSG and the network, and
the rest is then dissipated by the BRs. A cascaded control of the outer power loop and
inner current loop is applied for the BDCC, and a control strategy associated with the ESSs
is used for the BRs, was compensation for a phase shift caused by the high-pass filter is
employed to obtain an effective power reference of the ESS. With this control scheme, the
required capacity of the ESSs is significantly reduced, while both the performances of the
power fluctuation mitigation and the FRT under severe faults of the grid are still kept well.

The detailed experimental implementation for a down-scaled prototype in the labo-
ratory is presented to validate the multiple tasks of PMSG WTS, where the squirrel-cage
induction motor is used to simulate the characteristics of the wind turbine with the output
power depending on the wind speed. The DSP TMS320VC33 chips are used as the main
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controller boards in the experimental test systems. The experimental results also demon-
strate the simulation results for a 2-MW PMSG WTS. The additional contributions of this
work are that a switching control mode of the grid-side converter and the BDCC between
the normal and fault conditions are not required, and a phase-shift delay compensation for
obtaining the power reference of the ESS is employed.

2. Control Scheme of PMSG Wind Turbine Systems

The ESS can be installed in the wind power plants by either a distributed connection
to the single WTS or a centralized connection at the wind power plant terminal, where the
distributed ESS can not only smoothen the output power of the WTS but also provide an
FRT capability under the grid faults. A typical configuration of a direct-drive PMSG WTS
with the hybrid scheme of the distributed ESS and BR is shown in Figure 1 [23]. The ESS
in this work adopts electric double-layer capacitors (EDLC), which are linked to the DC
link of the B2B converters through a BDCC. The BR is connected in parallel with the DC
link through a switch. With this configuration, the hybrid scheme of the ESS and BR is well
fit for the wind turbine systems with full-scale capacity converters such as PMSG-based
wind turbine systems, while this scheme is not suitable to apply for the DFIG-based wind
turbine systems because the rating of the converters in the rotor side is already as low as
30% of the system rating.
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Figure 1. WTS with PMSG utilizes a hybrid scheme of ESSs and BRs in the distribution system [17].

2.1. Turbine Inertial Effect for Absorbing Power under Grid Faults

When grid faults occur, the real power injected into the grid will be restricted due
to the limited current rating of the power converters. In order to reduce the mismatch of
power between the PMSG and grid, which is to be absorbed by the ESS and BR, the wind
turbine is accelerated to reduce the turbine output power since a part of the amount of
energy due to inertial effect is required for the acceleration action.

A torque equation for a two-mass model of WTS is expressed as [20,24,25]

T~ Ty = (i + o) o 0

where Tt, Ty, and J;, ], are the torques and inertias of the turbine and PMSG, respectively,
and w is the turbine speed.

For storing the inertial energy, the speed of the turbine is increased by controlling the
PMSG. A time interval of the fault and a gradient of the speed is defined as AT and Ak(%),
respectively. An inertial power, P}, due to a speed change is given based on the constant
inertia definition and (1) as [26]

Ak

Py = 2:Pygpeq(Hr + HG)E )
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where Hr and Hg are the turbine and generator inertia constants, respectively, and P, is
the power rating.

2.2. Control of Grid-Side Converter

The grid-side converter (GSC) is used to control the DC-link voltage and the currents
flowing into the network. Figure 2 depicts the control scheme of the GSC, where a cascaded
control scheme with the main loop of DC-link voltage and an inner loop of grid currents
is employed [27,28]. Initially, the positive- and negative-sequence components (PSC and
NSC) of dg-axis grid voltages and currents, EZZ and I;q’:, respectively, are decomposed
by digital all-pass filters and Park’s transformation, which then a decouple synchronous
reference frame PLL (phase-locked loop) for the three-phase system is applied to detect the
grid phase angle [29,30]. The phase angle of the negative-sequence voltage component is

set as the opposite of the positive-sequence one.
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Figure 2. The control scheme of GSC [27,28].

The typical PI (proportional integral) regulators are employed for the DC-link voltage
controllers, which determine the amount of real power delivered to the grid. The control
algorithm is applied for both symmetrical and asymmetrical faults of grid voltages, where
the PSC and NSC of the grid currents are regulated. To guarantee the active power of PMSG
delivered to the grid fully, which keeps the DC-link voltage unchanged, along with the PSC
of the grid currents, NSC is also required to be injected into the grid, where the dg-axes
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current reference of the PSC and NSC, 15:, 15:, Ig:, I[I’E*, respectively, are determined
as below: , ,
I = Vi x I o and 1) = Vi x I 5

I = Vi x [ 5% and I = — V3 x I3 2
V. is the DC-link voltage reference, I;_ is the output of the DC-link voltage controller,
Eg o E,’;e, Ej,., Ej. are the dg-axes voltage components of the PSC and NSC of the grid

voltage, respectively and D = (Ese)z + (Esg)z — (EZE)2 — (E,’;e)z.

The PI regulators are also applied for the current controllers for all components, as
shown in Figure 2. The controller gains are designed following the guidelines in [27,28],
which are listed in Figure 2 as Ky = ch =0.82; K =0.82;71, = 0.013 for the DC-link
voltage controller and K, = Kff = 1.5; Kf° =930;7, = 0.0016 for the grid current
controllers. It is noted that by absorbing the PMSG power in the ESS and BR under the grid
faults, the GSC remains at a margin to provide reactive power to the grid as required by
the grid code [23,31,32], even though this issue is not investigated in this work.

2.3. Control of Machine-Side Converter (MSC)

Figure 3 shows a control scheme of PMSG under both normal and fault conditions. A
vector control method is applied for the PMSG, where the dg axes of generator currents
are regulated. An operation of maximum torque per ampere method for the PMSG is
utilized, where the d-axis generator current is regulated to zero. So, the g-axis generator
current is used to adjust the generator’s real power, where the reference of the g-axis
component is determined from the generator speed controller. The PI controller gains of the
machine speed and currents are depicted in Figure 3 as K. = Kif = 10,125 ; K¢ = 81,000;
T, = 0.125 and K., = K;f = 0.518; K = 388 ;7, = 0.00133, respectively, which are
designed based on the pole-placement technique [33]. Under the normal grid condition,
the maximum power point tracking (MPPT) operation of the WTS is applied [34,35], which
sets the generator speed reference at the optimal value for the speed controller, as shown
in Figure 3. However, when the grid sag occurs, to reduce the output power of WTS, the
MPPT operation is deactivated, and the turbine is accelerated. The acceleration rate of the
turbine depends on the inertia constant of the system and the speed control parameters,
where the selection procedure of the acceleration rate has been described in detail in [23].
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Figure 3. The control scheme of PMSG.
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In this work, the acceleration rate, k, is chosen as 1.0005 [23]. The acceleration of the
turbine causes a reduction in the output power of WTS according to two following reasons.
Firstly, when the MPPT operation is not maintained due to increasing the turbine speed,
the tip-speed ratio, A, is not kept at the optimal value, Ag. So, the power conversion
coefficient, Cy, is lower than the maximum one, Cpax, which can be expressed as

w > Wopt = 4 Cp < Cpmax 3)
Pt < Pt,max

where P; is the turbine power and Py, is the optimal turbine power at a certain speed.

Secondly, a portion of the power extracted from wind is stored in the turbine inertia as
in (2) during the acceleration of the turbine, so the generator output power, ngn, is reduced
according to the acceleration of the turbine expressed as:

Pgen:Pt_P] (4)

3. Power Smoothing Operation and FRT Control

In a weak distribution system with a low X/R ratio, the fluctuation of the WTS output
power may cause a voltage flicker at the point of common coupling, which has negative
effects on critical loads [8]. By smoothing the output power of WTS associated with the
reactive power injection, the voltage flicker, as well as the frequency variation, would be
mitigated. In this work, the power smoothening operation and FRT control for the PMSG
WTS in the distribution system are mainly investigated.

3.1. Calculation of Power References for the ESS

During the voltage dips, the real power injected into the network by the GSC is limited,
which can be lowered than that of PMSG due to a reduction in grid voltage and a fixed
current rating of GSC. The differential power is absorbed by the ESSs and BRs to avoid an
overvoltage in the DC-link capacitors, which can be described as

Pdiff = Pgen - Pgrid max posibility (5)

where Py is the surplus power of the PMSG and grid, and P4 is the power injected into
the power line through the GSC. In this operation, the GSC is controlled to inject the gener-
ator power into the network as high as possible with consideration of its current constraint.

It has been reported that the fluctuated power of the WTS in a frequency range of
(0.05~1) Hz results in a deviation of the line frequency [8]. So, in order to improve the quality
of the WTS power under normal conditions, the fluctuated component of the WTS output
power should be suppressed, where the ESSs are utilized to absorb these components
caused by random wind speed conditions. The high-frequency power component of PMSG,
Py, is extracted by the high-pass filter (HPF), which is expressed as

§2

5P
82 + 2Fwes + w? 8"

P fluc — (6)
where in this work, the lowest frequency or cut-off frequency of the HPF is chosen as
0.05 Hz and ¢ = 0.707 and w, =2 x 7t X 0.05 = 0.314 rad /s, which makes sure that the
higher frequency components are also extracted for compensating by the ESS.

To improve the real power injected into the grid and the performance of the ESS, the
phase shift of the second order HPF should be compensated. A lead-lag compensator is
utilized for a phase-shift compensation at the cut-off frequency, where its transfer function,
Geomp (), is expressed as
1+ ass

Gcomp (S) = Kcomp Tﬂzs

@)
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where the pole of the lead-lag compensator is selected according to the cut-off frequency
of the HPF as ay = ﬁ = 513 ~ 10, and the zero is chosen by placing it 10 times further
from the pole as a; :Cl. Kmmp is selected as 10 to obtain a unity gain for high-frequency
operation range.

Finally, the power reference of the ESSs is determined as

1+s s P
1+10s 82 +2¢wes + w? 3"

P fluc =— 10 (8)

Utilizing the above power reference of the ESSs, the main objective of controlling the
ESSs is to suppress the fluctuation component of the WTS output power. The optimal
charge and discharge of the ESSs for minimizing the operational cost and power losses and
prolonging the lifetime of the ESSs are beyond the scope of this work.

3.2. Control of the ESS

The real power is stored or released from the ESSs by controlling the BDCC, where
its control scheme diagram is depicted in Figure 4. Under both normal and voltage sag
conditions, the real power is a control target of the ESSs, where the power references are
determined in (8) and (5) for the two cases, respectively. A cascaded control scheme is
adopted for the BDCC, which consists of an outer PI loop for the power and an inner PI
loop for the inductor current. From Figure 4, the output of the power controller, which is
the inductor current reference, I E sss 18 given as

pC
Itss = Kb (Pgss — Pess) + Tl(PESS — Pgss) ©)

where Prqg is the ESS power, Vp¢s and Ij¢g are the ESS voltage and current, respectively,
K?C and Klp “ are the power controller gains.

Figure 4. Power and current controllers of the ESSs and the braking chopper operation.

Then, the transfer function for the power controller is expressed as

pc pc
PESS = — K S;Ki e ~ 1 for all s (11)
PESS (@ +KP )S+Ki
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In this work, the power controller gains are selected by a trial-and-error method as
K;’C = 0.005, Klp © = 0472, and Tpe = 0.0106. Note that the bandwidth of the power
controller is low, which is about 100 Hz.

It is seen from Figure 4 the output of the current controller, VL*f, is expressed as [36]

cc

K¢
fo = K} (Igss — Iggs) + TI(I;::SS — Igss) (12)

where Ki and Kj* are the ESS current controller gains, which are selected following the
pole-placement technique as K‘Tff =0.89, Ki° =840, and 1, = 0.00106 [36].

Based on the output of the current controller, which is the inductor voltage reference,
the duty cycle, Dggg, for the DC/DC converter is determined by

VEss + VL*f
Dgss = —v (13)
dc

where V. is the DC-link voltage.
The duty cycle is compared to a carrier signal to generate the gating signals for switches
S1 and Sy of the BDCC. In this work, the carrier frequency is selected as 2 kHz.

3.3. Control of the BRs

The braking chopper is only operated when the ESSs cannot absorb fully a surplus
power between the PMSG and the grid, which is shown in Figure 4. The switch S3 is
allocated to adjust the power consumed by the BR, where its duty cycle is determined from
the required power and the braking resistance, Ry, expressed as

R
Ds3 = —% Py (14)
Vdc

where Py, is the power command for the BRs, which is calculated as

P — { Pyiff — PEss_rated > 0+ fault condition (15)
be — Piuc — Pess_rated >0 normal condition
It is worth noting that the pole-placement technique is adopted to design the controller
gains, where the PI gains of all controllers have been obtained for the studied systems. For
the field deployment system, this method can be used to obtain the gain with fine-tuning
to achieve good performance.

4. Ratings of the ESSs and the BRs

The ESS is utilized to consume the fluctuated power components of the WTS in the
normal grid condition, where the capacity of the ESS is selected appropriately in terms of
power and energy ratings to mitigate the output power fluctuation for a certain frequency
range. It is noted that this work does not target to forecast or model the accurate wind
speed patterns, so a simple time-period model of randomly varying wind speed, which
causes the fluctuated power of WTS; is used as expressed below [37]:

o(t) = Ag+ ) AA;sin(27tfit) (16)

where A is the mean wind speed, AA; is the magnitudes of turbulences of wind speed,
and f; is the frequencies (f; = 0.05~10 Hz).

For a short-term fluctuation of wind power, the output power variation is low, where
the power fluctuation is mostly within 30% of its average [8]. So, the power rating of the
ESSs is selected as

PESSJated = O~3Prated- (17)
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Then, the energy rating of the ESS is selected depending on turbulent components
of wind speed and frequency range, where the ESSs can absorb the fluctuated power
component. The energy stored in the ESSs is expressed as

1/2f; )
EEss_rated = /0 Pess_rated sm(27rfit). (18)
The EDLC capacitance, C, is selected from its ratings of the voltage and energy as

C = Z'EESSJuted
Avcap .Yrated

cap

(19)

where Vggged and AV, are the ratings of EDLC voltage and its allowable variation, respectively.
A decreased amount of the grid power under grid voltage sag conditions, Pryrr, for
the worst case, can be determined from the grid codes as

Pryrr = (1 - Vmin,pu)Pmted (20)

where Viin py is a lower limit level of the grid voltage determined from the grid codes.
Finally, the power rating and resistance of the BRs are determined as
Vi
Prc_rated = PLvRT — Pess_rated — P and Rpe = 5—=—. (21)
be_rated

Based on the rating design above, an approximate cost comparison between using only
ESS and the hybrid scheme of ESS and braking resistors is carried out applying to 2 MW
wind turbine system, which is shown in Table 1. The power rating of the ESS is selected
as 2 MW if only ESS is used, while the power ratings of the ESS and braking resistor are
chosen as 0.6 MW and 1.4 MW, respectively, for the hybrid scheme. It is shown in Table 1
that the total cost of the hybrid system is about 36.24% compared to that of the system
using only the ESS.

Table 1. Cost comparison of the ESS only and hybrid scheme.

System Hybrid Scheme
Only ESS
Specification ESS Braking Resistor
Power rating 2 MW 0.6 MW 1.4 MW
Unit rating 4.8 kW [38] 4.8 kW [38] 125 kW [39]
Unit price $526 [38] $526 [38] $1145 [39]
Number of units 417 125 12
Total cost $219,342 $79,490

It is stated that the main concerns of the research are on the FRT capability and output
power fluctuation suppression. However, it is worth noting that the PMSG-based WTSs
with the hybrid scheme of the ESSs and the BRs, as shown in Figure 1, are able to operate
in a standalone mode instead of grid connection, where the control targets of the GSC and
the buck/boost DC-DC converter need to be changed, and the MSC is still controlled to
track the maximum power from wind. For the standalone mode, the BDCC is allocated
to maintain the DC-link voltage, while the GSC is used to regulate the AC voltages of the
loads or the PCC.

5. Simulation Results

PSIM simulation tests were carried out for a PMSG WTS with a rating of 2 MW to
verify the effectiveness of the presented scheme. The specifications of the WIS and PMSG
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are listed in Table 2, and the parameters of the ESSs and the BRs are listed in Table 3, which
are designed as per the guidelines described in Section 4. The terminal voltage of BTB
converters is 0.69-kV /60-Hz.

Table 2. Specifications of turbine and PMSG.

Parameters Values
Power rating 2 MW
Turbine rotor radius 42 m
Turbine inertia constant 42s
Generator voltage 690V
Resistance/inductance 8.56 m)/3.59 mH
Number of pole pairs 60
Generator inertia 0.75s

Table 3. Specifications of ESS and BR.

Parameters Values
Ratings 6.37 MJ /0.6 MW
Capacitance of EDLC 200 F
Inductor (Lp 0.5 mH
Operating voltage (VEss) 04 kV
Ppe_rated 1.133 MW
Rye 1.49 Q)

5.1. Test for a Fault Ride-Through Capability

The control performance of the GSC under the unbalanced voltage sag condition is
illustrated in Figure 5. Figure 5a shows the three-phase grid voltages, which drop to 60%,
60%, and 25%, respectively, for three-phase voltages, for 250 ms. Figure 5b shows the
DC-link voltage, which is maintained close to its rating of 1.2 kV with an overshoot value
of less than 1.5%. It is illustrated in Figure 5c—f that the control performances of dual-
current controllers for the P_NSC of the dg-axis grid currents, respectively, are satisfactory.
Under unbalanced sag, the NSC of grid currents exists, as shown in Figure 5c,d. It is also
demonstrated in Figure 5 that before and after the sag, the GSC works well.

Figure 6 shows the response of the WTS and the control response of PMSG, ESS,
and BR under the fault. The speed of WTS is shown in Figure 6a, where the turbine
speed starts increasing at the instant of the fault detected, which causes a reduction in
the turbine output power. The PMSG and grid powers are shown in Figure 6b, where the
grid power is lower than the generator power. The mismatch power is absorbed by the
ESSs and BRs. The dg-axis PMSG currents are shown in Figure 6¢,d, respectively, which
show that the current controllers work satisfactorily. The operation of the ESSs and BRs
is also illustrated in Figure 6e,f, where the performances of the ESS controls for its power
and current, respectively, are good, in which the actual values follow their references well.
Figure 6g shows the voltage of EDLC, which is increased due to a charge of the ESS during
the fault. The current of the BRs is shown in Figure 6h.

5.2. Power Fluctuation Mitigation Tests

Figure 7 demonstrates the performances of the whole WTS in the case of varying wind
speeds but under normal grid conditions. The varying wind speed patterns applied to the
turbine blades are shown in Figure 7a, which contains 8 terms as expressed in (16). The
terms consist of DC, 0.05 Hz, 0.1 Hz, 0.2 Hz, 0.5 Hz, 1 Hz, 5 Hz, and 10 Hz components.
Figure 7b shows the PMSG speed. It is apparent in Figure 7c—e that the controllers of
grid currents and DC-link voltage, respectively, are satisfactory. Figure 7f,g shows the
dg-axis components of the generator currents, respectively, which are also controlled well.
Figure 7h demonstrates that even though the power of PMSG fluctuates, the grid power
does not contain high-frequency components. By operating the ESSs and the BRs to absorb
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the variation power component, the power injected into the network is much mitigated,
where the less than 0.1-Hz frequency components appear only. The response of the ESSs
and BRs for improving the power quality of WTS is also demonstrated, in which the
high-frequency fluctuation components of the PMSG power are absorbed by the ESSs, as
shown in Figure 7h. Figure 7i shows the ESS currents, whose waveforms are almost the
same as the power waveform. The control performances of the ESS power and current
are also verified. Figure 7j shows the EDLC voltage, which is either increased or reduced
depending on the ESS power direction. The BR current is shown in Figure 7k, in which the
BR operates shortly.

1.2

I
)
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(e]
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(d)

current (pu)

1N
=

oo
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current (pu)

()
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Figure 5. GSC performance at unbalanced voltage dip. (a) Grid phase voltages. (b) The DC-link
voltage of B2B converters. (¢) NSC d-axis currents. (d) NSC g-axis currents. (e) PSC d-axis currents.
(f) PSC g-axis currents.
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6. Experimental Implementation and Results
6.1. Experimental Implementation of the Studied System

The experimental bench for a down-scale prototype was developed in the laboratory
to validate the introduced scheme. Figure 8 shows an experimental setup where an M-G
set was built. A 3-kW SCIM (squirrel-cage induction motor) was emulated as a wind
turbine system, which adopts a motor torque control according to the turbine characteristic
depending on given wind speed patterns. A separate B2B converter was used to drive the
SCIM. The investigated PMSG was coupled with the SCIM, where another B2B converter
associated with a bidirectional DC/DC converter and a braking resistor controlled by an
IGBT was used to control the PMSG. The specifications of the experimental system are
listed in Table 4. Supercapacitor, which is a product of LS Mtron, was adopted for the ESSs.
A grid simulator was used to generate voltage conditions.

3- phase Host PC1
AC source
3- phase SF
P Grid
AC source il
simulatoy .. [[osp boarar,
lta; Vol €]
Phite a5 PWM | speed
currenty  A/D,D/A,
- :
currents ,_j““ ,_jl‘ﬂ interface
board

-

“WA—
§ Resistor|
i

(2

Figure 8. Experimental setup. (a) Configuration. (b) Apparatus.

Table 4. Specifications of PMSG, ESSs, and BRs.

Parameters Values
Power rating 2.68 kW
Number of pole pairs 3
Speed rating 1200 rpm
Inertia of WTS 0.071 kg.m?
Stator resistance/inductance 0.49 (0/5.35 mH
Boost inductance 3.17 mH
Capacitance of ESSs 292F
Operating voltage 120V
BR resistance 23 Q)

Semikron IGBT dual modules (SKM75GB128D) with the ratings of 1200 V and 75 A
are realized for all the switches of the GSC, MSC, ESSs, and BRs, where the gate drivers of
Semikron SKHI 22 are used to control the switches. Transducers using the Hall effects are
employed for the current and voltage measurements, which are LA-25 NP and LV-25.

NP, respectively. Incremental encoders with 1024 ppr (pulse per revolution) are used
for obtaining the machine speed and rotor position. DSP TMS320VC33 chips are used to
implement the digital controllers for the converters [40], where the count/comparator unit
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of the pulse-width modulator is implemented in an erasable programmable logic device
(EP1K50-EPLD). The gate pulse generation scheme is shown in Figure 9, where the digital
controllers are implemented on the DSP. The output of controllers is the voltage references,
which are the inputs of the space vector pulse-width modulation (SVPWM). The switching
times calculated from the SVPWM technique are transferred into the numbers of pulses,
which then the gating signals are generated by the count/comparator unit of EPLD.

TMS320VC33 DSP
EP1K50 EPLD
S[7..0 . .
 Address bug e & [:; Using optical cables
) No. Pulses =) E L to transfer gating
Swi. pulses| Databus ) < signals to the gating
times D[15..0] C t/ jas) &) — ;
Ref. Jm m oun drivers
voltages comparator
Control bus

Figure 9. Gate pulse generation scheme based on the DSP and EPLD.

In this work, a bilinear transform is applied to discretize the controllers, filters, and
measurements for digital implementation. The current controller sampling time is 100 ps,
and the sampling time of the speed controller is 2 ms. The switching frequency of converters
is 5 kHz. The gains of the controllers for the GSC, MSC, and BDCC in the experimental
system are listed in Table 5, which are designed following the guidelines mentioned in
Sections 2 and 3.

Table 5. Controller gains for the experimental system.

Converters and Controllers Gains
asc DC-link voltage controller Ky© =0.605 and K{“ =44.1
Current controllers K;f =27 and K{¢ =430
MSC Speed controller K;f =1.052 and Kfc =8.42
Current controllers Kif =241 and Kf” =220.5
Power controller K} =0.005 and K/ = 0472
DC/DC converter
Current controller K;f =267 and K¢ =1141.2

6.2. FRT Tests for an Unbalanced Voltage Sag

Firstly, the FRT capability of the WTS is investigated under the unbalanced voltage
sag, where the three grid-phase voltages are reduced to 80%, 60%, and 40%, respectively,
applying for the test as shown in Figure 10a—c for the phase voltages and magnitudes of
its P_NSC, respectively. The control performance of the GSC is mainly demonstrated in
Figure 10. From Figure 10d,e, it is known that the performance of the current controllers is
good for the dg-axis grid currents of PSC, respectively, in which the actual values follow
reference one well. It is apparent from Figure 10f,g the g- and d-negative-sequence grid
current components exist under the unbalanced sag condition, and the performance control
is good. The transients for these components appear at the beginning and the end of fault
but within the allowable region. Figure 10h shows the DC-link voltage, which is kept
constant at 340 V as in the normal grid condition.
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Figure 10. Performance of the grid-side converter at unbalanced voltage dip. (a) Grid phase voltages.
(b) The magnitude of PSC. (c) The magnitude of NSC. (d) g-axis currents of PSC. (e) d-axis currents of
PSC. (f) g-axis currents of NSC. (g) d-axis currents of NSC. (h) The DC-link voltage of B2B converters.

A response of the turbine simulator is shown in Figure 11, which also demonstrates
the turbine inertia effect. When a sag occurs, the power conversion coefficient and turbine
power are decreased, as shown in Figure 11a,b, respectively, since the turbine speed is
increased, as seen in Figure 11c. The power match of the whole WTS is investigated, in
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which the acceleration of the turbine and the operation of ESSs and BRs are activated. Due
to a decrease in turbine power, where kinetic energy is stored in the system inertia, the
generator power is reduced, as shown in Figure 11d. Figure 11e shows the power flowing
into the grid, which is much reduced due to a deep drop in the grid voltage. The amount of
mismatch power between the PMSG and network is consumed by the ESSs and BRs, where
the ESSs absorb the amount of 400 W equal to its rating as shown in Figure 11f, while the
rest is dissipated on the BR as shown in Figure 11g. According to Figure 11h, the EDLC
voltage is increased due to charging, and the effect of ESR (equivalent series resistance)
of the super-capacitor is also shown in this figure. At the beginning of voltage sag, the
EDLC voltage is increased fast due to an increase in EDLC current from zero. Inversely, the
EDLC voltage is decreased at the end of sag due to a decrease in EDLC current down to
zero. The control performance of the ESS is also demonstrated. Figure 11i shows that the
power control performance is good, in which the ESS power follows its reference closely.
Under normal conditions, the ESS is deactivated where its power is zero. Figure 11j shows
the boost inductor currents, which demonstrates that the controller works satisfactorily.

0.2 (f)ﬁ

power (W)

——— Pl j— e €0
100W/div

MUY b o “

100W/div |

0.15/div

11

o —

L1500 ©3

power (W)

400W/div

Lty

h)w»
41300
a <118

voltage (V)

100rpm/div

power (W)

P o *
& 1500 () & : { | i
< i) 5-
53] z {
g ._..._._.._.,_._..._.J PBS‘ i ¢ <0
400W/div 100W/div
B o I
} <1500 (j) 45 L_‘_—m #
| eem— —— <0
T/div=0.2s] T/div=0.2[s]

Figure 11. Response of WTS under unbalanced sag. (a) Power coefficient. (b) Turbine power.
(c) Turbine speed. (d) PMSG power. (e) Power flows into the grid. (f) Power charging to EDLC.
(g) Power consuming by BRs. (h) EDLC voltage. (i) Power controller. (j) Current controller.

6.3. Power Fluctuation Mitigation Tests

Improvement of the output power quality of the WTS in the condition of varying wind
speed is investigated in these tests. Figure 12a shows the wind speed, where its peak value
is about 17% higher than the mean value of 9.5 m/s. The generator speed varies similarly
to the wind speed pattern, as shown in Figure 12b. According to the MPPT control, the
generator power also fluctuates as shown in Figure 12c, where the peak power is about
45% higher than the average power. It is shown in Figure 12d that the grid power can be
smoothened with less than 10% variation due to the operation of the ESS and the BR to
extract the fluctuated component of the generator power. When the ripple component of
PMSG power exceeds the ESS rating, the BR is activated and dissipates the extra power,
as illustrated in Figure 12e. As seen from Figure 12f,g, the controllers of the ESS power
and current work satisfactorily, respectively. Figure 12h shows the super-capacitor voltage,
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which varies depending on their charging or discharging powers. Figure 12i shows the
DC-link voltage, which is regulated well at 340 V.
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Figure 12. Power fluctuation mitigation for varying wind velocity. (a) Wind velocity. (b) Generator

speed. (c) PMSG power. (d) Power flows into the grid. (e) Power of BRs. (f) Power of supercapacitor.

(g) Supercapacitor current. (h) Voltage of supercapacitor. (i) DC-link voltage.
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7. Conclusions

This paper demonstrates the multiple task performance of a coordinated control
scheme utilizing the hybrid of the ESS and BR for the PMSG-based WTS in distribution sys-
tems, where a fault ride-through capability under both symmetrical and non-symmetrical
grid sags and output power fluctuation mitigation were achieved. Adding the BRs helps
to reduce the capacity of the costly ESSs, while the performance of FRT capability is still
kept well even under the most serious condition of three-phase grid voltage corruption,
and the ESSs are able to perform the power smoothening. In the hybrid scheme, a trade-off
between the rating of the ESSs and grid power fluctuation mitigation capacity can be made
depending on the system operators, and the rating of the BRs can be further reduced when
proper control of the PMSG speed is performed. The detailed experimental implementation
for the laboratory-scaled PMSG-based WTS utilizing the SCIM drive as the wind turbine
has been presented, where the experimental results for the FRT capability and output
power fluctuation suppression have been shown to validate the effectiveness of the scheme
and demonstrate the simulation results for the 2-MW PMSG-based WTS.

This work has sufficiently covered its salient objectives of applying a cost-effective
scheme of the ESS and braking resistor in the PMSG-based WTS for the LVRT and power
smoothing capability, but the state-of-charge and lifetime effect of the ESS has not been
discussed. In further research, an optimally coordinated control scheme of the ESS with
braking resistors and PMSG wind turbine will be studied, which considers the ESS lifetime
and optimal power management for the whole system.
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